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The proﬁling of grapevine (Vitis vinifera L.) genes under water deﬁcit was speciﬁcally targeted to
sugar transporters. Leaf water status was characterized by physiological parameters and soluble
sugars content. The expression analysis provided evidence that VvHT1 hexose transporter gene
was strongly down-regulated by the increased sugar content under mild water-deﬁcit. The genes
of monosaccharide transporter VvHT5, sucrose carrier VvSUC11, vacuolar invertase VvGIN2 and
grape ASR (ABA, stress, ripening) were up-regulated under severe water stress. Their regulation in
a drought-ABA signalling network and possible roles in complex interdependence between sugar
subcellular partitioning and cell inﬂux/efﬂux under Grapevine acclimation to dehydration are
discussed.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Grapevine (Vitis vinifera L.) is the most widely cultivated and
economically important fruit crop in the world (FAOSTAT data
2010; http://faostat.fao.org/). Even though it is considered as rela-
tively drought tolerant [1], water deﬁcit remains a major environ-
mental cue, affecting grape and wine quality [2–4].
In plants, water availability appears as a determinant factor for
cell and organ growth, for photosynthesis and carbohydrates redis-
tribution between source and sink organs [5]. Carbohydrate alloca-
tion to long distance, at the level of the plant, as well as to short
distance, in sugar partitioning at cellular level, requires sugar
transporters. They are membrane proteins belonging to the major
facilitator superfamily (MFS) whose subfamilies of sucrose trans-
porters (SUTs) and monosaccharide transporters (MSTs) are the
most studied [6–8]. The irreversible sucrose hydrolysis by inverta-
ses inside the different cell compartments (cell wall, cytoplasm,vacuole) gives rise to glucose and fructose, suggesting a ﬁne-tuning
of the sugar transport activity [9].
In this regard, some evidence has been provided that drought
and other related abiotic stresses affect the expression of sugar
transporter genes. In Arabidopsis, transcript accumulation of the
tonoplast monosaccharide transporters TMT1 and TMT2 is
increased in response to drought, salt and cold treatment [10],
the expression of the putative sugar transporter ERD6 (early
responsive to dehydration) is induced by dehydration [11], and
the expression of ESL1, an ERD6-like transporter is enhanced by
drought, salt and ABA [12]. Recently, AtSUC2 and AtSUC4 have been
reported as induced by salt, osmotic, low temperature and ABA
treatments [13]. In rice, the expression of the Golgi monosaccha-
ride transporter OsGMST1 is positively correlated to salt treatment
[14]. The sucrose transporter OsSUT2 was up-regulated during
drought and salinity treatments in rice photosynthetic leaves [15].
The transcriptional regulation of grapevine sugar transporters
has been studied in response to sugars [16] and to abscisic acid –
ABA [17]. The expression analysis of VvHT1 hexose transporter
gene allowed us to identify the grape ASR (abscisic acid, stress
and ripening), named VvMSA, at the cross-talk of sugar and ABA
signalling [18]. A functional duality of ASRs, as hydrophyllins,
required for the direct protection of cell macromolecules under
stress conditions [19], and as expression regulators, at the example
of VvMSA [18], has been already suggested [20]. This latter func-
tion seems closely related to the control of sugar metabolism and
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repression in transgenic potato and tobacco plants [21,22].
The present work was dedicated to the expression proﬁling of
twenty-one sugar transporter genes, encoding the members of
hexoses (VvHT), sucrose (VvSUC) and polyols (VvPMT) transporter
subfamilies in grapevine leaves under water-deﬁcit stress.
2. Materials and methods
2.1. Plant material
Vitis vinifera cv. Ugni blanc plants were in vitro propagated on
Murashige and Skoog medium half strength macro elements
(Duchefa, The Netherlands), supplemented with vitamins, 20 g l1
sucrose and 0.5 g l1 charcoal activated, under a 16 h photoperiod
(light intensity of 40 lmol m2 s2), at 24 C, for 2 months. Then
plants were transferred to greenhouse and grown on soil/vermicu-
lite (2/1; v/v), at 23 C/18 C, 16 h/8 h day/night and 29% relative
humidity, until they had 8–10 leaves (80 cm tall). For greenhouse
acclimation, the regular watering was supplemented once a week
with 100 ml of a nutrient mixture [23]. Water deﬁcit was induced
on a half of the plants, by arrest of watering for 16 days, and sub-
sequent rewatering for 8 days. During this period, the control
plants were watered daily. Three independent biological experi-
ments were performed consisting each in 2 treatments (control
and water deﬁcit/rewatering), 8 time points (day 0, 1, 4, 8, 12,
16, 20, 24) and 3 plants per time point and treatment.
2.2. Physiological parameters
The 4th fully developed leaf was used for stem water potential
measurement as described by Cramer et al. [24]. The petiole was
cut andWstem was measured with a pressure chamber (PMS Instru-
ment, USA). The same detached 4th leaves, were immediately
weighted – fresh weight (FW), then immerged into water for
24 h in the dark to obtain turgid fresh weight (TW), and dried at
80 C for 24 h to obtain the dry weight (DW). The Relative Water
Content (RWC = [(FW  DW)/(TW  DW)]  100%) and the Rela-
tive Growth Rate (RGR = (lnDWt2  lnDWt1)/(t2  t1)) [25] were
calculated.
2.3. Sugar extraction and HPLC analysis
Powder of the pooled 5th fully developed leaves was freeze-
dried for 96 h with a FreeZone Freeze Dry System (Labconco,
USA). After a triple extraction of soluble sugars from 100 mg of
freeze-dried powder with 10 ml of methanol:chloroform:water
(v/v/v; 12/5/3), samples were sonicated (30 s), and centrifuged
(10 min, 1200g). The supernatants were pooled and diluted with
water (v/v; 5/3). Two ml of aqueous phase were vacuum evapo-
rated, dissolved in 800 ll of deionized water, and soluble sugars
were analysed by HPLC (series 200 Perkin Elmer, USA) with water
as eluent (0.6 ml min1; 85 C).
2.4. Macroarray analysis
Total RNA isolation from the 5th fully developed leaves, cloning
of speciﬁc cDNA fragments for genes of interest and reference
genes (VvActin, VvEF1a, VvEF1c and VvGAPDH), macroarray spot-
ting and hybridization were performed as described in Afoufa-
Bastien et al. [26]. Speciﬁc primers are listed in Table S3. After
quantiﬁcation (Typhoon TRIO Imager, GE Healthcare, UK), signals
for each gene of interest were normalized using the mean of the
4 reference genes.2.5. Real-time RT-qPCR analysis
Reverse transcription was carried out on 2 lg of DNase-treated
total RNA according to manufacturer protocol (Promega, USA). RT-
qPCR was performed in reaction mixture (5 ll of 100-fold diluted
cDNA, 125 nM of each primer and 10 ll of Power SYBRgreen
PCR Master Mix), with the program (2 min at 50 C, 10 min at
95 C, followed by 40 cycles with 15 s at 95 C and 1 min at
60 C) using a 7500 Fast Real-Time PCR System (Applied Biosystem,
USA). The reference gene was VvGAPDH.
2.6. Promoter sequence analysis
Search for cis-regulatory elements in promoter sequences was
performed using the PLAnt Cis acting regulatory DNA Elements
database (PLACE) (http://www.dna.affrc.go.jp/PLACE/index.html).
2.7. Statistical analysis
GraphPad Prism 5 software (http://www.graphpad.com) was
used for Student’s t test and Pearson correlation, and Multi Exper-
iment Viewer 4.8 software (http://www.tm4.org) for Heat-Map
and Hierarchical Clustering of macroarray data.
3. Results
3.1. Water deﬁcit effect on morphological and physiological
parameters
A water deﬁcit treatment was applied to greenhouse-grown
grapevine plants by withholding water supply during 16 days, fol-
lowed by 8 days of rewatering. The effect of water deﬁcit was
clearly visible by the wilting of shoot apexes and the pending of
mature leaves after day 8 (Fig. 1A and B).
Stem water potential (Wstem), relative water content (RWC), dry
weight and relative growth rate (RGR) measurements were per-
formed every four days on control plants and plants under
water-deﬁcit. In control plants, the Wstem was constant at
0.32 MPa during the experiment. In plants under water deﬁcit,
Wstem decreased slightly from 0.33 MPa to 0.45 MPa. After day
4, Wstem decreased gradually and reached 2.38 MPa at day 16.
During rewatering Wstem quickly recovered to 0.70 MPa and
0.46 MPa at days 20 and 24, respectively (Fig. 1C).
The RWC was measured as a second indicator of grapevine
water status, reﬂecting the metabolic activity in tissues [27]. In
watered control plants, the RWC values remained stable around
95.2% during the 24 days of the experiment. In plants under water
deﬁcit, as observed forWstem values, RWC started to decrease after
day 4 and reached 78.9% after 16 days of water deprivation. In a
few days (16–24 day), the rewatering restored RWC levels similar
to those of control plants (Fig. 1D).
The dry weight appeared as a valuable parameter of plant
response to water-deﬁcit stress, independent from the changing
tissue capacity to restore turgid weight under severe water deﬁcit.
The measurement of the dry weight (Fig. 1E) showed a progressive
increase during the experiment for well-watered control plants.
Conversely, in plants submitted to water depletion the dry weight
was maintained nearly to the initial level, and it only increased
after rewatering. In parallel, the RGR (Fig. 1F) calculated for
water-depleted plants was similar to control plants between day
4 and day 8, lower between 12 and 16 days and recovered near
the control level after rewatering. These both physiological param-
eters conﬁrmed the high sensitivity of the cell growth to water
status.
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Fig. 1. Phenotype of greenhouse-grown grape plants (cv. Ugni blanc) under water-deﬁcit: details of young leaves and tendril shape on the shoot apex (A) and variation of the
insertion angle of mature leaves (B). Effect of water deﬁcit (WD) and rewatering (R) on grapevine stem water potential (C), relative water content – RWC (D), dry weight – DW
(E) and relative growth rate – RGR (F). Control plants (squares); plants under water deﬁcit and rewatering (triangles). Values represent the means ± S.D. (n = 9) of the
measurements performed during three independent experiments. Asterisks indicate signiﬁcant difference from control plants (⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001; Student’s t
test).
A. Medici et al. / FEBS Letters 588 (2014) 3989–3997 39913.2. Water deﬁcit effect on soluble sugars in grapevine leaves
The effect of water deﬁcit on sugar content in grapevine leaves
was evaluated by performing an HPLC analysis of sucrose, glucose
and fructose. According to Fig. 2, concentrations of glucose and
fructose in control plants were constant, whereas sucrose concen-
tration slightly decreased over the 24 days of the experiment.
Inversely, glucose, fructose and sucrose accumulated in mature
leaves of grapevine plants under water deﬁcit (110% for glucose,
52% for fructose and 42% for sucrose) between day 1 and day 8,
remaining at a relatively stable level for the late time points of
drought treatment (8–16 days). Rewatering from day 16 to day
24 restored the starting concentrations of sucrose, glucose and
fructose. These results suggest that in grapevine leaves theintegration of water deﬁcit seems closely related to soluble sugars
accumulation.
3.3. Gene expression in grapevine leaves
To better understand the mechanisms of sugar status regulation
in grapevine leaves, a macroarray expression analysis was
performed on 26 genes belonging to the three following groups:
(i) twenty-one genes coding for putative sugar transporters
including VvHT1-5, VvHT11-13, VvTMT1-3, VvPMT1-5,
VvSUC11, VvSUC12, VvSUC27, VvSUT2 and VvpGlcT [26];
(ii) two genes encoding putative vacuolar invertases VvGIN1 and
VvGIN2 [28];
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Fig. 2. Effect of water deﬁcit and rewatering on grapevine leaves sugar content.
Control plants (squares). Plants under water deﬁcit/rewatering (triangles). Values
represent the means ± S.D. (n = 3). Asterisks indicate signiﬁcant difference from
control plants (⁄P < 0.05; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001; Student’s t test).
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expression regulation of VvHT1: VvMSA and VvAUX/IAA
[18], and VvDREB [29].
Macroarray analysis revealed four clusters of gene expression
proﬁles in grapevines submitted to water deﬁcit (Fig. 3, Tables S1
and S2). Cluster 1 contains three genes, among them VvHT1 shows
an early down-regulation, followed by a relatively stable expres-
sion during the rest of the treatment. Cluster 2 includes genes dis-
playing two points of up-regulation at day 4 and day 16, and
subsequent decrease after rehydration. Cluster 3 includes genes
whose expression does not display any signiﬁcant change during
the water deﬁcit and recovery treatments. Finally, cluster 4 encom-
passes genes whose expression values increase gradually between
days 8 and 16, and decrease at recovery (day 20–24).
Among the monosaccharides transporter genes, VvHT1 (Cluster
1) appeared the only sugar transporter gene showing a clear nega-
tive regulation in response to water deﬁcit during the ﬁrst 8 days
of treatment (log2 = 1.45 at day 8). Inversely, VvHT5 (Cluster 4)
was up-regulated in response to water deﬁcit (log2 = 1.79 at day
16). Among the four sucrose transporter genes, VvSUC11 (Cluster
4) showed a good basal expression level combined with a gradual
up-regulation up to day 16 (log2 = 1.76 at day 16). VvGIN2 (cluster4), which has a low basal level of expression, displayed a very
strong induction under severe water deﬁcit (log2 = 3.64 at day
16). VvMSA (Cluster 4) responded to water deﬁcit with a high accu-
mulation of transcripts (log2 = 3.08 at day 16). The results of the
macroarray analysis showed that VvHT1, VvHT5, VvSUC11, VvGIN2
and VvMSA genes are tightly regulated under water-deﬁcit stress.
In order to validate the data obtained by macroarray analysis,
the expression level of the ﬁve selected genes was studied using
real-time quantitative PCR, in mature leaves of controls and plants
under water deﬁcit (Fig. 4). As predicted by macroarray data,
VvHT1 was down-regulated in response to water depletion
(Fig. 4A), the strongest reduction appeared during the ﬁrst 4 days.
After day 4 the expression level remained about 3-fold lower in
plants under water deﬁcit than in the controls, and rewatering dur-
ing 8 days recovered only partially the control level. VvHT5 tran-
scripts strongly accumulated in response to severe water deﬁcit
(Fig. 4B) after 8 days of water deprivation, reaching at day 16 a rel-
ative expression 7-fold higher in stressed than in control leaves,
followed by a stronger than 4-fold decrease after rewatering.
VvSUC11 relative expression showed a gradual increase between
days 4 and 16 (Fig. 4C), with a relative expression at day 16 4.5-fold
higher in plants under water deﬁcit than in watered ones, and
restored the control level after rehydration. VvGIN2 expression
(Fig. 4D) displayed a similar proﬁle as VvSUC11 and VvHT5, mani-
festing a remarkable induction of more than 20-fold the level of
controls between days 4 and days 16. Even though the basal
expression level of VvMSA in mature leaves was quite high, water
deﬁcit caused an important up-regulation (Fig. 4E). After 12–
16 days of water deprivation, VvMSA expression was 4-fold higher
in stressed than in control leaves, and the rewatering restored it
partially. Analysis by RT-qPCR conﬁrmed the results of the macro-
array screening. Linear regression indicated a strong correlation
between RT-qPCR and macroarray data for these ﬁve genes, with
a goodness of ﬁt r2 = 0.73 and P-value < 0.001 (Fig. 4F).
The search for valuable correlations between the relative gene
expression and the observed changes of water potential Wstem,
the glucose content, and ﬁnally VvMSA expression proﬁle provided
evidence for three interesting ﬁndings (Fig. 5A–C). Firstly, among
the 5 selected genes the expression of VvHT5, VvSUC11, VvGIN2,
VvMSA, is strongly negatively correlated to the water status of
grapevine leaves, while only VvHT1 appears positively correlated
(Fig. 5A). Secondly, the expression of the ﬁve genes showed differ-
ential but tight correlations to the changes of glucose content
(Fig. 5B). VvHT1 presents a strong negative correlation to glucose
accumulation. Conversely, VvHT5, VvGIN2, VvMSA and VvSUC11
expression is positively correlated to the high glucose content at
the late phase of severe water stress. Finally, the expression of
VvSUC11 and VvGIN2 genes are positively correlated to VvMSA
(Fig. 5C). VvHT1 expression displays a tight negative correlation
with VvMSA. Only VvHT5 appears clearly uncorrelated to VvMSA
expression.
3.4. Promoter in silico analysis for ABA- and drought- responsive
motifs
In order to check a possible transcriptional regulation of the ﬁve
genes in a common signalling network, we performed an in silico
analysis of ABA- and drought-responsive cis-elements in their pro-
moter sequences (Table 1). Among the eleven motifs, the ﬁrst
group encompasses ﬁve ABRE cis-acting elements known for direct
responsiveness to ABA. The second group carries three DRE/CRT
motifs for ABA-independent response to drought. The third group
displays three MYB and MYC binding sequences, involved in the
response to drought via the ABA-dependent signalling [30,31] For
the ABRE consensus, VvHT5 promoter presents the ﬁve types of
motifs, with a score of 74% from their total number in the 50 regions
WD R 
1 
2 
3 
4 
Fig. 3. Effect of water deﬁcit (WD) and rewatering (R) on the expression levels of 26 genes of interest in grapevine mature leaves. Macroarray values are displayed in a two-
colour heat-map view in which rows correspond to different genes of interest and columns to different time points. Genes with similar expression proﬁles were grouped
using a Hierarchical Clustering (HCl) algorithm. Heat-Map and HCl were performed with MeV software (http://www.tm4.org/mev/). Log2 relative expression (WD-R/C) values
are reported in Table S2.
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ABRE motifs, but possesses the cis-elements of the two other
groups, with a maximum of 44% for drought ABA-independent ele-
ments. Finally, VvHT1, VvSUC11 and VvGIN2 promoters share cis-
elements from the three groups, with a relevant frequency for
DRE/CRT and MYB/MYC types, including both drought ABA-inde-
pendent and drought ABA-dependent signalling pathways, simi-
larly to the water-stress responsive gene VvMSA.
4. Discussion
In the present work, the physiological status of grapevine plants
under water deﬁcit, characterized by Wstem, RWC, DW and RGR,
displays two distinct phases. The early phase between days 1 and
8 may be considered as a phase of tolerance to the mild water
stress, during which the leaf mesophyll cells are trying to minimize
the water deﬁcit impact by limiting cell growth, and accumulating
soluble sugars, thus avoiding any visible wilting of young sinks
[32]. The late phase of severe water stress, between days 8 and
16 (Fig. 1A–F) is characterized by the damaging of young sink
organs, and the maintaining of a high concentration of osmotic sol-
utes. In our experiments the content of three soluble sugars
(sucrose, glucose and fructose) displays an increase in leaves start-
ing from the day 1 of watering arrest until day 8 (Fig. 2). The accu-
mulation of these three soluble sugars may be explained by the cell
growth rate being affected earlier and more efﬁciently than photo-
synthesis by water deﬁcit [5], which suggests a possible role for
sugars as osmotic solutes [33].
In this context different sugar transporters may be differentially
involved in the early phase and/or the late phase of the plant
response to drought. Under water stress conditions, the transcrip-
tomic analysis (Figs. 3, 4 and Table S2) allowed the identiﬁcation ofone down-regulated gene (VvHT1), and four up-regulated genes
(VvHT5, VvSUC11, VvGIN2 and VvMSA). To understand the biological
signiﬁcance of these ﬁndings, we tried to answer the questions
which functional network may require the regulation of these ﬁve
genes of and how the encoded proteins contribute for water-deﬁcit
acclimation of Grapevine leaves.
Among the studied genes, VvHT1 is coding for a monosaccha-
ride/H+ symporter, localized at the plasma membrane [34]. This
gene is the only one clustered within group 1 (Fig. 3) and nega-
tively regulated by both water deﬁcit and related increase of solu-
ble sugars content (Fig. 5A and B). VvHT1 expression is down-
regulated by up to a twofold increase of glucose concentration
(Fig. 2) at the phase of mild water deﬁcit, maintained stably
repressed during the late phase of severe water stress and restored
after rewatering (Fig. 4A). Taken together these results further
emphasize the prevalence of sugar signalling in the transcriptional
regulation of this glucose transporter, and conﬁrm the already
reported importance of VvHT1 transcriptional up- or down-regula-
tion by its proper substrate, the glucose [16,35].
The other four genes, VvHT5, VvSUC11, VvGIN2, VvMSA, are neg-
atively correlated to water potential, and positively to glucose con-
tent (Fig. 5A and B). These four genes are all clustered within the
same group 4 (Fig. 3), displaying a strong overexpression under
severe water deﬁcit (Fig. 4B–E). VvHT5 gene encodes a monosac-
charide/H+ symporter, localized at the plasma membrane [36].
Both VvHT1 and VvHT5 are high afﬁnity, H+-dependent glucose
transporters, but VvHT1 has a higher afﬁnity for glucose than
VvHT5. However, while VvHT1 gene is mainly regulated by glucose
signalling, VvHT5 expression is tightly responsive to ABA and water
deﬁcit [17]. VvSUC11 belongs to the SUT4 subfamily of sucrose/H+
symporters, some identiﬁed as tonoplast-localized, and capable of
regulating sucrose movement from the vacuole to the cytosol
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VvSUC11, have been demonstrated as up-regulated under drought,
osmotic and salinity treatments, respectively in young seedlings
and photosynthetic leaves [13,15], suggesting that export and
long-distance sucrose transport may be at least partly controlled
by SUT-mediated sucrose sequestration within the vacuole. VvGIN2
encoding a putative vacuolar invertase is likely to be important in
the regulation of hexose levels in slowly growing tissues, and in the
utilization of sucrose stored in the vacuoles [42,43].
It is noteworthy that the present study provides the ﬁrst exper-
imental evidence in favour of VvMSA involvement in grapevine
response to water deﬁcit, an assumption based on the deﬁnition
of ASRs as proteins responsive for ABA and water stress, which
has never been conﬁrmed before. This further allows considering
VvMSA gene as a valuable marker of water-deﬁcit stress in Grape-
vine. Consequently, the search for correlations between its expres-
sion and sugar transporters and vacuolar invertase genes, (VvHT1,
VvHT5, VvSUC11, VvGIN2), appears important. Despite the strong
positive or negative correlations of studied genes with water
potential and glucose content, only three demonstrate tight corre-
lations with the expression of the Grapevine ASR (Fig. 5C). VvHT1
displays a negative correlation to VvMSA expression. Conversely,the expression proﬁles of VvSUC11 and VvGIN2 are positively corre-
lated to VvMSA, demonstrating a strong induction in the phase of
severe water deﬁcit and an inhibition after rewatering (Fig. 4C–
E). The only failure in correlation to VvMSA expression is observed
for VvHT5 gene. The high P-value obtained for this correlation may
be due to the strong VvHT5 repression after rewatering, with a level
at least three times lower than the initial one (Fig. 4B). These data
suggest a differential transcriptional regulation of VvHT5 and
VvMSA in response to water availability, requiring two indepen-
dent but complementary signalling pathways. This hypothesis is
corroborated by the promoters analysis, suggesting that VvHT5
could be mainly regulated by the ABA signalling, when the tran-
scriptional control of the four other genes, VvHT1, VvSUC11,
VvGIN2, and VvMSA, is apparently triggered by drought signalling
and requires both pathways, drought ABA-independent and
drought ABA-dependent (Table 1).
The mature leaf is composed mainly of mesophyll cells, charac-
terised by photosynthetic and source activities. Under normal con-
ditions these cells produce sugars and manage their subcellular
partitioning, as well as their export for long distance allocation.
Arrest of watering affects leaf water status and thereby cell osmo-
tic potential, changing subcellular sugar concentration throughout
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Fig. 5. Correlations of the relative expression of VvHT1, VvHT5, VvSUC11 VvGIN2 and VvMSA with the stem water potential (A), the glucose content in leaves (B) and VvMSA
expression (C). P-value and r2 are reported for each correlation at a conﬁdence interval 99%.
Table 1
Drought- and ABA-responsive motifs in silico found in the promoter sequences of studied genes.
Cis-element name Sequence Signalling pathway VvHT1 VvHT5 VvSUC11 VvGIN2 VvMSA
ABREATRD22 RYACGTGGYR ABA 1
ABRELATERD1 ACGTG ABA 3 7 1 1
ABREOSRAB21 ACGTSSSC ABA 2
ABRERATCAL MACGYGB ABA 5 1
ABREZMRAB28 CCACGTGG ABA 2
DPBFCOREDCDC3 ACACNNG Drought ABA-independent 2 2 2 1 3
DRE2COREZMRAB17 ACCGAC Drought ABA-independent 1 2
DRECRTCOREAT RCCGAC Drought ABA-independent 1 2
MYB1AT WAACCA Drought ABA-dependent 5 2 1 5
MYCATERD1 CATGTG Drought ABA-dependent 3 2 1 1
MYCATRD22 CACATG Drought ABA-dependent 3 2 1 1
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3996 A. Medici et al. / FEBS Letters 588 (2014) 3989–3997the activities of related enzymes and transporters. In our experi-
mental conditions, the decrease of water potential and the early
increase of soluble sugar content suppose a prevalence of sugar
partitioning between different subcellular compartments upon
the sugar export from the cell for a long distance allocation. In this
regard, VvHT1 and VvHT5 glucose transporters display redundant
but differentially regulated functions. For example, early after
watering arrest VvHT1 is down-regulated by mild water deﬁcit,
while VvHT5 is up-regulated later by the severe water stress. VvHT1
expression displays a strong negative correlation to VvMSA. On the
contrary and despite their similar expression patterns VvHT5 and
VvMSA are not correlated. The absence of a correlation between
VvHT5 and VvMSA regulation by water stress may rely upon the
water-deﬁcit induced senescence, as the VvHT5 orthologous gene
in Arabidopsis, AtSTP13, displays a strong induction at the onset
of senescence [44]. The triggering of senescence may further
inverse source- and sink-activities in leaf cells allowing primary
metabolites mobilisation from already senescent organs.
The cell osmotic potential, mainly due to sucrose cleavage on
glucose and fructose in the cytosol and the vacuole, is depending
on the ratio between cytosolic (neutral invertase and sucrose syn-
thase) and vacuolar (acidic invertase) enzyme activities. The
water-stress induction of VvGIN2 gene, encoding a putative vacuo-
lar invertase, may contribute to the increase of cell osmotic poten-
tial in response to water deﬁcit for maintaining the basic metabolic
functions. In this context VvSUC11, most likely exporting sucrose
from the vacuole to the cytosol, appears as acting inversely to
the vacuolar invertase thereby providing sucrose for intercellular
transport. Our results imply that sucrose cleavage within the vac-
uole and sucrose export to cytosol, both contribute for sucrose
dynamic equilibrium between these cellular compartments and
further impact the interdependence of sucrose subcellular parti-
tioning and sucrose cell efﬂux under water deﬁcit.
To conclude, keeping in mind that a positive correlation does
not establish a causal link, our study provides arguments in favour
of a possible regulation of at least four of the studied genes in a
common drought-signalling network, and that the encoded pro-
teins may contribute all together to an efﬁcient subcellular parti-
tioning of soluble sugars for a subtle balance between sugar
membrane translocation and long distance transport. As tomato
ASR1 has been already reported as involved in the regulation of
sugar metabolism, trafﬁcking and signalling [21,22], we may sup-
pose that VvMSA at least partly orchestrates the differential but
complementary functions of VvHT1, VvSUC11 and VvGIN2 in
grapevine leaves response to water-deﬁcit stress, thereby opening
wide perspectives for further studies and data compilation for
establishing a larger overview of the sugar transport.
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